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ca (C.H. Rankin).Epidemiological evidence suggests a link between chronic oxygen starvation and fat accumulation/
obesity, however the underlying mechanism remains unclear. Using Caenorhabditis elegans we
found extended oxygen deprivation resulted in activation of SBP-1, the worm homologue of SREBP1,
a transcription factor important in maintaining lipid homeostasis. SBP-1 knockdown prevented
hypoxia-induced fat accumulation and the associated increase in worm width/length ratio, demon-
strating that SBP-1/SREBP1 plays an essential role in hypoxia-induced lipid accumulation and body
shape alteration. This study provides the ﬁrst evidence suggesting that activation of SREBP1 may be
a critical pathogenic factor contributing to chronic hypoxia associated excessive fat accumulation/
obesity in humans.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Growing epidemiological evidence suggests there may be a link
between obesity and conditions that result in chronic exposure to
hypoxic environment. Patients suffering from chronic hypoventila-
tion conditions such as obstructive sleep apnea, asthma or other
chronic cardio-pulmonary diseases show a higher risk for hyperlip-
idemia and fat accumulation [1–7]. Furthermore, populations liv-
ing at high altitude, where oxygen concentrations are reduced
(compared to sea levels), are statistically of shorter, broader stature
and more likely to suffer from obesity [8–11].
In living organisms, oxygen deprivation triggers drastic reac-
tions at both cellular and organism levels, some of these reactions
are adaptive and some are deleterious. There are a number of stud-
ies on hypoxia in Caenorhabditis elegans and some on the effects of
anoxia on development of the nematode [12,13]. During develop-
ment, anoxia alters axonal guidance, neuronal migration, and al-
ters neuronal circuits for oxygen preference [14,15]. At all stageschemical Societies. Published by E
iversity of British Columbia,
. Fax: +1 604 822 7299.
. Wang), crankin@psych.ubc.of development, C. elegans tolerates and survives at least 24 h of
anoxia exposure with very low mortality [13,16,17]. Many of these
oxygen-dependant responses are mediated through the hypoxia-
inducible factor (HIF) family of transcription factors to regulate
homeostatic changes at both cellular and systemic levels [18–23].
Recent studies in ﬁssion yeast and Cryptococcus neoformans
[24,25] have identiﬁed the lipogenic transcription factor sterol re-
sponse element binding protein1 (SREBP1) [26,27] as a critical reg-
ulator for alteration in lipid metabolism in response to anaerobic
and hypoxic stresses. SREBPs have been also implicated in patho-
genesis of obesity and obesity-related disorders [28–31].
We therefore hypothesized that the activation of SREBP-1 may
mediate hypoxia-induced fat accumulation and subsequent body
shape and size alterations. Investigating this we challenged Caeno-
rhabditis elegans (C. elegans), which expresses the SREBP1 homo-
logue SBP-1, with transient anoxic conditions using an oxygen free
chamber. We chose the worm as our animal model largely because
of its shorter life spanwhich allows chronichypoxia to be easily sim-
ulated and its relative resistance to hypoxia-induced death [13,17].
In a highly conserved mechanism, C. elegans adapts to hypoxia
through activation of the hypoxia-inducible Factor (HIF) transcrip-
tion complex leading to the transcription of a number of genes that
promote survival under reduced oxygen conditions [20,23].lsevier B.V. All rights reserved.
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between SBP-1 activation and anoxia in C. elegans. Oxygen-depri-
vation induces activation of SBP-1 and the SBP-1 dependent accu-
mulation of body lipids. Consequently the worm changes in body
size and shape, increasing in width and reducing in length giving
the worm a ‘‘chubby” appearance.
2. Materials and methods
2.1. RNAi
sbp-1 RNAi, bacterial strain from the Ahringer Library delivered
as described previously [32]. For RNAi worms (Bristol N2) were
cultured on selective NGM plates (100 lg/l carbancillin, 1 mM
IPTG), with sbp-1 RNAi bacteria. Control worms were cultured on
NGM plates (100 lg/l carbancillin) with empty vector bacteria.
2.2. Anoxia treatment
L3 animals were incubated for the indicated times in an anoxia
chamber (Anaerobic System model 1025/1029, ThermoForma),
incubation timing started (t0) when O2 readings returned to zero.
Post anoxia worms were transferred out of the chamber and al-
lowed to develop normally for a further 24 h. The ﬁve-hour anoxia
treatment did not impact worm mortality in any of the conditions.
2.3. Western blotting
Following different experimental conditions, worms were
washed three times with PBS and then homogenized and solubi-
lized in a lysis buffer (1% SDS, 1 mM EGTA, 1 mM EDTA, 1 mM
DTT, 2 mM sodium orthovanadate, and protease inhibitors cocktail
in PBS). For each condition, 30 lg of total lysate was separated with
SDS–PAGE, transferred onto a polyvinylidene diﬂuoride (PVDF)
membrane, and probed with the anti-SREBP1 rabbit polyclonal
antibody (Santa Cruz Biotechnology, Santa Cruz, CA) which cross
reacts with SBP-1. Band intensities were quantiﬁed using NIH Im-
ageJ software and normalized to b-actin in each sample lane.
2.4. Body length and width measurement
Animal images were recorded using a dissecting microscope
(WILD M3Z, HEERBRUG) connected to a video camera (Panasonic
Digital 5100), a VCR (Panosonic AG1960) and a television monitor
(NEC PM-1271A) under 25 magniﬁcation. Animal lengths were
traced from the tip of the head to the tip of the tail and animalFig. 1. Transient oxygen deprivation activated lipogenic transcription factor SBP-1 in C. e
SBP1 expression. Anoxia induces an increase in cleaved active SBP1 with a correspondin
*P < 0.05). (B) SBP1 activation is dependent on chronic anoxia. Immunoblot of worms exp
activation reaches signiﬁcant levels (*P < 0.05; n = 3) at 4 (dark grey bar) and 5 h (blackwidths traced at the greatest midsection diameter perpendicular
to the longitudinal axis of the animals. Acetates containing these
tracings were scanned (UMAX Astra 2100U) into a Macintosh com-
puter and were digitally measured using NIH Image software. To
analyze the biometric data Statview 4.5 was used to calculate uni-
variate (one-way) analyses of variance (ANOVA). Post-hoc analyses
were done using Fisher’s planned least signiﬁcant difference
(PLSD).
2.5. Quantitative measurement of total lipid in C. elegans
Worms were initially stained for lipid content with Sudan Black
[33] followed by modiﬁed extraction essentially as described by
Smedes [34]. Methanol chloroform soluble worm fractions were
measured at kmax 598 nm.
3. Results and discussion
We ﬁrst investigated if anoxia challenge induced activation of
lipogenic transcription factor SBP-1 in C. elegans. Adult worms
were exposed to anoxia for 5 h and the activation of SBP1 by pro-
teolytic cleavage of immature full-length SBP-1 was then exam-
ined 24 h later. As shown in Fig. 1A, anoxia challenge reduced
the immature (non-active) full-length SBP-1 and correspondingly
increased the smaller mature (active) N-terminal fragment, sug-
gesting a dramatic activation of SBP1 by anoxia. Although partial
SBP-1 activation could be detected following a 3 h challenge, full
activation could only be observed by a challenge period longer
than 4 h (Fig. 1B). This suggests a longer chronic anoxic challenge
is required for the activation of SBP-1. Importantly, as observed
in fungus [24] and yeast [25], SREBP1 activation in response to an-
oxia is also seen in higher organisms.
SBP-1 has a vital role in the lipid homeostasis of C. elegans and
has previously been shown to regulate fat accumulation in the
worm [35]. To address the role of SBP-1 in anoxia induced changes
we pursued a sbp-1 RNA interference (RNAi) approach. As seen in
Fig. 2A, active SBP-1 levels were dramatically lower (80% reduc-
tion) in both normoxic and anoxic conditions in RNAi-treated ani-
mals compared with the same conditions in the wild-type worms.
In C. elegans the majority of lipid accumulations are deposited in
lipid droplets in their intestinal cells as well as hypodermal cells
[36]. Using a Nile Red lipid stain, we observed a dramatic increase
in red colored patches in the middle-two-thirds of the body of an-
oxia-exposed animals compared to the control worms (Fig. 2B). In
order to quantitatively measure total lipids, we design a method
using Sudan Black which has higher afﬁnity and speciﬁcity to lipidlegans. (A) Total lysates of worms exposed to control conditions or anoxia probed for
g reduction in full-length precursor SBP1. Western blot loading control actin (n = 3;
osed to oxygen starvation for the indicated periods of time after 24 h recovery. SBP1
bar) points.
Fig. 2. Transient oxygen deprivation caused total lipid accumulation in C. elegans. (A) Partial suppression of SBP-1 by RNAi. sbp-1 RNAi signiﬁcantly reduces expression of
SBP-1 in control and anoxic worms. Representative immunoblot for active cleaved SBP-1 24 h after 5 h anoxia with or without sbp-1 RNAi. Active SBP-1 is dramatically
suppressed in sbp-1 RNAi worms after anoxia. Loading control actin. (B and C) Changes in fat content in nematodes can be visualized and detected using ﬂuorescent dye
staining. (B) Representative Nile Red staining of control (left panel) and anoxia-exposed (right panel) animals. Anoxic worms show increased Nile Red staining 24 h after
oxygen deprivation. (C) Quantitative total lipid measurement using Sudan Black, 24 h after anoxic challenge in control and RNAi-treated worms. Identical populations of
control worms showed a signiﬁcant increase in Sudan Black signal after oxygen starvation compared to controls (n = 14 groups, each 200–400 worms; *P = 0.017) whereas no
signiﬁcant change in Sudan Black signal was detected in RNAi-treated animals following exposure to anoxia (n = 4 groups, each 400 ± 10 worms, P = n.s.).
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tracted with organic solvents and their absorbance measured at
598 nm (Fig. 2C). In the control animals not treated with RNAi, an-
oxia signiﬁcantly increased total lipid content 24 h after oxygen
deprivation compared with similar worms incubated under nor-
moxia condition (12% increase, n = 14, P = 0.017). Whereas, in the
RNAi-treated worms, as expected, knockdown of SBP-1 in the
normoxic condition reduced total fat levels compared to the norm-
oxic control worms, suggesting a critical role of tonic activation of
SBP-1 in maintaining normal fat levels. Importantly, in the RNAi-
treated worms anoxia failed to cause any increase in the body total
fat content. These data strongly suggest that anoxia increases total
fat content of the body through an activation of SBP-1.Fig. 3. Anoxia-induced SBP-1 mediated body shape and size alteration. Control and sbp-1
bars, respectively) or anoxia (black and dark grey bars, respectively) followed by 24 h nor
width in control animals (white and black bars) and in sbp-1 RNAi treated animals, howev
and dark grey bars). (B) Anoxia induces a slight reduction in mean worm length in contro
treated worms (light and dark grey bars). (C) Width/length ratio were signiﬁcantly incre
worms were signiﬁcantly less sensitive to the anoxia-induced width/length increase than
condition. (*P < 0.05; N/group = 146–236 worms from three independent experiments).To investigate if anoxia-induced SBP-1 activation and conse-
quent increase in body fat accumulation could lead to C. elegans
body size and shape alterations, both control and RNAi-treated
worms were subjected to either normoxia or 5 h oxygen depriva-
tion followed by 24 h normoxia condition prior to biometric as-
says. As depicted in Fig. 3A, anoxia-exposed control worms were
wider (0.108 ± 0.001 mm, n = 169) compared to the normoxic con-
trol worms (0.087 ± 0.001 mm, n = 219). RNAi treatment not only
reduced the worms body width on its own, but also signiﬁcantly
reduced the anoxia-induced width change (normoxia RNAi:
0.067 ± 0.001 mm (n = 146) and anoxia RNAi: 0.078 ± 0.001
(n = 236)). Anoxia challenge also signiﬁcantly reduced wild-type
animals’ length. Interestingly, although RNAi treatment also re-RNAi treated C. eleganswere either subjected to 5 h normoxia (white and light grey
moxia prior to biometric measurements. (A) Transient anoxia increases mean worm
er the extent of change is signiﬁcantly attenuated in the RNAi treated animals (light
l animals (white and black bars) but has no signiﬁcant effect on the length of RNAi-
ased in both control and RNAi-treated animals after anoxia, however RNAi treated
control worms. Width/length ratios expressed as a percentage of that in normoxic
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change (Fig. 3B). We found that anoxia signiﬁcantly increased the
width/length ratio (131.4 ± 1.9% of normoxia control, P < 0.05) in
control worms and that this anoxia-induced width/length ratio
alteration was signiﬁcantly reduced in RNAi-treated worms
(117.2 ± 1.2% of normoxia RNAi control, P < 0.05). Thus, our obser-
vations strongly suggest a causal link between anoxia-induced
activation of SBP-1 and an increase in the animals’ body size and
change in shape.
It is also interesting to note that people living in high altitude
areas are shorter in stature, less muscular, and more overweight
than compatriots with similar genetic backgrounds who live at
lower altitude [37–42]. Whether similar SREBP1-dependent mech-
anisms are involved in this phenomenon remains to be studied.
Since several recent studies conducted in both human and rodent
animal models have implicated activation of SREBPs in the patho-
genesis of obesity and obesity-related disorders [28,30], we
hypothesize that activation of SREBP-1 may function as an oxygen
sensor for lipid metabolism, and may play a critical role in the
pathogenesis of lipid accumulation and obesity in chronically oxy-
gen starved humans.
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